Objective: To describe temporal patterns in total lymphocyte count (TLC) and hemoglobin (Hgb) concentration during HIV infection and relate these patterns to changes in other markers and to clinical disease.
Introduction
Plasma HIV RNA levels and CD4+ lymphocyte counts are established markers of HIV disease progression and quantify an individual's risk for AIDS and death. Current guidelines for the initiation of antiretroviral therapy among asymptomatic HIV infected individuals in both the developed [1] and developing [2] world are based upon measurements of these markers. These guidelines have been established based upon data from prospective epidemiological studies that have linked single marker measurements and longitudinal marker trends with the incidence of clinical events. [3] [4] [5] Obtaining CD4+ cell counts and HIV RNA levels may be impractical for countries with scarce resources, due to the expense of the assays and technical factors such as access to the proper equipment [6, 7] . Therefore there is a need for prognostic markers that can be used in resource-limited settings. Two markers that may fulfill this need are total lymphocyte count (TLC), and hemoglobin (Hgb) level. Both markers are relatively inexpensive and straightforward to measure. TLC has been shown to correlate with CD4+ cell counts, particularly among symptomatic individuals [6, 8] and single measurements have been shown to have some prognostic information for survival [7, 9, 10] and progression to AIDS [11] . Furthermore, World Health Organization guidelines for developing countries [2] suggest the use of TLC for disease monitoring if CD4+ cell counts are not known. Hgb levels, often examined as a dichotomous anemia variable, have also been shown to be associated with progression to AIDS [12] [13] [14] .
Longitudinal patterns of averaged TLC and Hgb measurements have been described at the population level [15, 16] , but detailed descriptions of the trajectories of markers within individuals have not been published. Identifying patterns within individuals capitalizes on the repeated observations of the same individual and extends findings at the population level. Furthermore, by analyzing individual patterns, one can assess the timing of important marker patterns over the course of disease and the suitability of the marker for monitoring disease progression in a given person.
In this study, we analyzed longitudinal measurements of TLC and Hgb among men enrolled in the Multicenter AIDS Cohort Study (MACS) obtained before the widespread use of highly-active antiretroviral therapy (HAART). We related these markers to the development of clinically defined AIDS as well as to the time of T-cell homeostasis failure, which we have previously shown to be an important immunological milestone related to HIV disease pathogenesis [15] [16] [17] [18] [19] [20] . Using approaches previously applied to the investigation of changes in T-cell homeostasis [17, 18] , we estimated the prevalence, magnitude, and timing of within-individual changes in TLC and Hgb levels.
Materials and methods

Study population and laboratory methods
The MACS was initiated in 1983 to study the natural history of HIV infection among homosexual and bisexual men in the United States. The design of the MACS has been described [21] and only aspects pertinent to this study are presented here. In 1984-85, 4954 HIV-positive and HIV-negative men were enrolled in Baltimore/Washington DC, Chicago, Los Angeles and Pittsburgh, with an additional 625 men enrolled between 1987 to 1991. Men with AIDS and men younger than 18 years were excluded from enrollment. At semi-annual visits, men returned to the clinics to provide specimens for laboratory analyses, undergo a physical examination, and complete selfadministered data forms and an interviewer-administered questionnaire.
T-cell subset levels on all men at each visit were measured in peripheral blood stained with monoclonal antibodies by a whole blood lysing method and analyzed by two-color flow cytometry [22, 23] and monoclonal antibodies specific for CD3+, CD4+, and CD8+ lymphocytes. Absolute numbers of cells per microliter of blood were calculated using the complete blood count with automated 10 000 cell differential. Hemoglobin concentrations were measured using standard techniques.
The individuals included in the present study consisted of MACS participants with at least six visits up to November 1996 (prior to widespread HAART use in MACS) of which a minimum of four visits had to be free of AIDS. Requiring six visits was necessary for our segmented regression methods [17] , and the latter requirement was designed to ensure adequate numbers of data points prior to AIDS. The visits occurring in the first year after seroconversion, or entry into the study if the individual was seroprevalent for HIV, were omitted from the analysis to minimize the variability that is often seen in marker levels during the acute phase of HIV infection. For individuals developing AIDS, at least two visits within 1.5 years preceding AIDS were required to ensure that the marker patterns would be discernible at the time nearest to AIDS. Lastly, individuals who developed AIDS after October 1994 were excluded to allow an unbiased estimate of the interval between the point in time when the change in marker trajectory is most likely to occur (termed the inflection point, described below) and AIDS. If AIDS cases after 1994 had been included in the analysis, the inflection points would have been forced to occur before the onset of AIDS due to insufficient follow-up after AIDS, because the statistical methods require several visits before and after the inflection points to determine well-defined marker slopes.
provide a comprehensive description of the changes in marker levels at the individual level, segmented regression models were adapted from methods originally developed for investigating changes in CD3þ lymphocytes [17] . The methods select, for every individual, a point in time when the change in marker slope is most likely to have occurred (termed the inflection point, IP). Briefly, candidate IPs are defined as the midpoints in time between any two consecutive visits. At least three marker values are required before and after each candidate IP to ensure that slopes are well defined. In addition, the marker levels are required to decrease during the period surrounding the candidate IPs (due to the premise is that a decrease in the marker levels precedes disease progression). The most probable time of inflection is identified by selecting from all candidate inflection points the point that produces the smallest overall residual error [17] . This forces an IP to be identified for every individual to whom the method is applied. The parameters obtained from the application of these methods to individual trajectories include: (1) an IP that represents the time when a change in trajectory was most likely to have occurred, (2) the slope before the IP, (3) the slope after the IP, and (4) the level of the marker at the IP.
Using non-parametric Wilcoxon-rank statistics, we compared the distributions of these parameters, which describe the longitudinal trends in TLC and Hgb measurements, among the different groups. To examine whether this information could be used to discriminate between those who developed AIDS and those who remained AIDS-free, we computed receiver operating characteristic (ROC) curves to describe the sensitivity and specificity at each level of the parameters, and we compared the area under the curves to determine significant differences between ROCs [24] . This enabled us to be able to identify a cutoff, which could be used to distinguish 'true' inflections from 'false' inflections in which trajectory changes occur due to the natural variability of the marker levels over time. Lastly, we also investigated the timing of inflections relative to the times of clinical AIDS, death, and T-cell homeostasis failure, identified using previously developed segmented regression models of the CD3+ T-cell counts [17] .
Results
Characteristics of study population Of the 5579 individuals in MACS, 2195 were seroprevalent and 511 had seroconverted prior to 1996. Figure  1 illustrates the number of MACS participants who were included in the present study stratified by HIV status and progression to AIDS. The total number of men contributing data to the TLC analysis is 3299 and Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
MACS Cohort 5579
Seronegative 3384 Longitudinal marker patterns Figure 2 displays the distribution of the slopes (% change in marker per year) prior to (panels a and c) and subsequent to the IP (panels b and d) for the markers TLC and Hgb stratified by HIV and AIDS status. For both TLC and Hgb, there were no meaningful differences in the slopes prior to the IP among the groups of individuals ( Fig. 2a and 2c) . The slopes were essentially symmetrically distributed around 0 for TLC (Fig. 2a) , and showed a very slight decline for Hgb (Fig. 2c) .
In contrast, there were substantial differences in the TLC slopes after inflection between those progressing to AIDS and those remaining free of AIDS (Fig. 2b) . Specifically, after the inflection, there was a rapid rate of decline in TLC for the group progressing to AIDS, which was substantially steeper (P , 0.0001) than the minimal post-IP declines among those remaining AIDS free and among those seronegative for HIV. Similarly, the post-IP Hgb annual changes were significantly steeper (P , 0.0001) among those progressing to AIDS than among the other two groups (Fig. 2d) . These results were similar when investigating both seroprevalent and seroconverter groups separately, and there was Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. little difference in post-IP slope distributions when stratifying results by quartiles of the total number of contributed visits.
The group developing AIDS had a slightly lower median TLC and Hgb levels (1710 3 10 6 cells/l and 14.4 g/dl) at the estimated IP than the group not developing AIDS (2032 3 10 6 cells/l and 14.8 g/dl) and the seronegative group (2223 3 10 6 cells/l and 15.3 g/dl). This is in part due to the lower levels of the marker at the first visit included in the analyses for individuals who developed AIDS, since both markers were relatively stable prior to IP. Figure 3 shows the observed TLC and Hgb levels over time and the fitted segmented regression model to three representative individuals among those HIV-positive developing AIDS (Fig. 3a) , HIV-positive without onset of AIDS (Fig. 3b) , and HIV-negative (Fig. 3c) . The individuals selected for this figure were those with pre-and post-IP slopes closest to the median pre-and post-IP trajectories for both markers within each of the three groups. Figure 3 illustrates the need to distinguish 'true' inflection from trajectory changes estimated in the presence of the natural variability of the markers, since the algorithm assigns an IP for every individual. Based on the ROC analysis (where the gold-standard of disease was defined by an AIDS diagnosis), the postinflection slopes were the best parameters (for both TLC and Hgb) to discriminate between those developing AIDS and those remaining free of AIDS. In other words, the ROC for this parameter had the largest area under the curve when compared to the ROC from the pre-inflection slope and the level at the IP.
To quantify the relative sensitivity and specificity of TLC and Hgb for development of AIDS, we compared the resulting ROC curves for the post-inflection slopes to the corresponding curve for the post-IP slope of the CD3+ lymphocyte count [17] , a marker of the failure of T-cell homeostasis and an established predictor of AIDS [16, 17, 20] (Fig. 4) . The cutoffs which maximized the sensitivity and specificity for these markers were annual declines of 10.2, 2. these cutoffs, 76.9, 78.6, and 80.2% of the men with AIDS onset, would be classified as true inflectors in the respective markers as compared to only 23.1, 21.5, and 19.7% of the men remaining free of AIDS ( Table 1) . The calculated areas under the curve (AUC) for TLC and Hgb were slightly smaller than that of the CD3+ lymphocyte count, showing that TLC and Hgb were about as strong as CD3+ lymphocyte counts to distinguish those developing AIDS from those not developing AIDS (Table 1) .
We investigated the robustness of the markers in distinguishing between individuals progressing to AIDS and individuals remaining free of AIDS in two ways. First, we restricted our analysis to individuals who had their IP prior to AIDS, excluding 87 individuals from the TLC ROC analysis and 79 from the Hgb ROC analysis. This improved the sensitivity and specificity slightly and yielded estimated optimal annual post-IP declines of 11.1% for TLC, 2.6% for Hgb, and 11.5% for CD3+ lymphocyte count. The AUC also improved slightly for TLC, Hgb, and for CD3+ lymphocyte count, with the result that there were no significant differences between the abilities of the three markers to distinguish those developing AIDS onset from those remaining free of AIDS (Table 1) .
Second, we were concerned about the influence of zidovudine use, because anemia has been shown to occur in approximately 25% of individuals initiating zidovudine [25] and there may be selection biases associated with initiation of therapy as individuals become ill. Among those with data available and at risk for initiating zidovudine, 18.2 and 22.8% initiated zidovudine in the year immediately before or after the estimated Hgb IP, respectively. When we restricted the ROC analysis to those not receiving zidovudine in the year prior to the Hgb IP, the year after the IP, or prior to AIDS, all inferences remained the same; specifically, a rapid decline in Hgb could distinguish those progressing to AIDS from those remaining free of AIDS. In fact, the maximum sensitivity and specificity improved slightly to between 80.5 and 81.4%, and the AUC improved to approximately 0.85. These results suggest that the influence of zidovudine initiation on our results was minimal.
Timing of rapid declines in markers
By examining inflection points on the individual level, we could evaluate the timing of CD4+ cell count changes and inflections in TLC, Hgb and CD3+ lymphocytes relative to the times of AIDS and death ( TLC and Hgb of those who developed AIDS occurred on average 0.25 years after CD4+ cell counts first fell below 350 3 10 6 cells/l, 0.75 years before CD4+ cell counts first fell below 200 3 10 6 cells/l, 1.6 years before clinically-defined AIDS, and 2.8-2.9 years before death in this essentially untreated cohort. These intervals were similar whether the analysis was restricted to the population of seroconverters or to the seroprevalent population, rather than the entire seropositive population.
As expected, the timing between the TLC IP and CD3+ IP was strongly concordant: 70.3% of individuals had their CD3+ IP concurrent with their TLC IP, demonstrating that the TLC IP primarily reflects the failure of T-cell homeostasis [16, 17] . The Hgb IP also occurred very close to the CD3+ IP (IQR, 0.96 years prior; 0.81 years subsequent), although only 18.3% were precisely concurrent.
Discussion
Using segmented regression models and the extensive natural history data available in the MACS, we have demonstrated that both TLC and Hgb markers demonstrate a period of stability for many years after HIV infection, followed by a period of rapid decline beginning 1 to 2 years before the onset of AIDS. The results of our analysis explain why the correlation between TLC and CD4+ counts in asymptomatic individuals has been reported to be lower than the correlation found for symptomatic persons [6, 8] : since CD4+ cell counts generally decline steadily over the course of HIV disease, they will show low correlation with TLC markers during the time when TLC is stable, but higher correlation later in disease when TLC is also declining. Additionally, our results demonstrate why these markers are more prognostic at low CD4+ cell counts. Until the time of inflection, TLC and Hgb markers are stable and provide little information about the risk of disease progression, but late in disease (when CD4+ cell counts are generally between 200 and 350 3 10 6 cells/l) the markers demonstrate rapid decline and thus distinguish those individuals who will soon progress to AIDS or death.
Our results also indicate that the decline in TLC and Hgb begins concomitantly with the declines in CD3+ lymphocytes that signals the failure of T-cell homeostasis, approximately 1.56 years prior to AIDS [16] [17] [18] . The sensitivity and specificity post-IP slopes of TLC demonstrated that TLC discriminated nearly as well as post-IP slopes of CD3+ lymphocyte counts. This disparity may reflect the variation in TLC due to non-T lymphocytes, which obscures to some extent the changes in the CD3+ lymphocytes. However, this
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disparity appears to be minor, as there were only slight differences between the ROC curves for TLC and Hgb compared to the ROC curve for CD3+ lymphocyte cell count, as shown by the area under the curve.
The reason why Hgb begins to decline close to the time of the failure of T-cell homeostasis is not immediately clear. There are several hypothesized causes of HIV-associated anemia, including effects of plasma HIV on bone marrow stromal cells [26, 27] , and disturbances of cytokines that affect hematopoiesis [14, 28] . We have previously shown on both the population and individual level that HIV RNA levels remain stable and then show accelerated increases prior to AIDS [5, 29] , possibly due to the expansion of HIV variants that use the CXCR4 co-receptor [19] . If the magnitude of HIV on stromal cells or other mechanisms of hematopoiesis is related to HIV RNA, then Hgb decline may occur after control of HIV replication has been lost.
Our methods, which estimate change-points on an individual level, extend methods which evaluate changes between two successive interval slopes [30] . While the segmented regression methods force the estimation of an inflection point for every individual, some inflections will occur by chance. This motivated the use of receiver-operator methods to evaluate the ability of post-inflection point slopes to distinguish those with and without incipient disease progression.
Our results showed that we were able to distinguish these groups, validating the importance of the changes in TLC and Hgb trajectories. Our analysis excluded men who did not contribute at least six laboratory marker measurements, four of which occurred prior to AIDS. This excludes fast progressors whose period of TLC and Hgb stability may be either relatively short or non-existent. As a result of this exclusion, estimates of the timing of marker inflections and clinical disease may be slightly longer than the timing among all HIVinfected individuals. We feel that the impact is negligible given the small number of individuals who progress within the first 3 years after infection and the variability in inflection points as noted in Table 2 .
As we have pointed out using slightly different methods [31] , the initial decline in TLC and Hgb generally occurs between an individual's first CD4+ lymphocyte count of 350 and 200 3 10 6 cells/l, the time when the current guidelines recommend initiating antiretroviral therapy [1, 2] . Anemia has been demonstrated to resolve after initiation of highly-active antiretroviral therapy [32] ; the pattern of TLC over this time is less clear. Furthermore, in conjunction with previous studies showing the association of changes in TLC and Hgb with disease progression [7, [9] [10] [11] [12] [13] [14] , our results suggest that TLC and Hgb may also be useful for pathogenesis studies of HIV infection, since factors associated with the onset of rapid declines can be evaluated at the biologically important time point identified in this analysis.
Our results also suggest that TLC and Hgb may be suitable markers for monitoring and evaluating HIVinfected individuals, which has been an identified challenge in countries with limited resources [33] . TLC and Hgb levels are relatively inexpensive to measure and are easily obtained with little sophisticated technology. Thus, our results suggest that one could monitor these markers in patients over time, with little risk of clinical AIDS up to the point of rapid decline. Even if patients could not be monitored prior to the inflection point, our results demonstrate that rapid declines in markers rarely occur among those with no immediately incipient clinical HIV-related disease. Thus, individuals seen with declines of the magnitude demonstrated in this paper would be at highest risk for clinical progression. This would be particularly useful for clinicians in developing countries.
Applying our methods prospectively for identifying TLC and Hgb inflections in a clinical setting would not be without challenges, however. Differences in endemic disease, diet, host genetics, viral characteristics, and other factors might affect TLC and Hgb, possibly leading to misleading predictions of risk [31] . Our results reflect the semi-annual visit schedule of the MACS, and in a different setting, important changes in markers could occur within this 6-month time interval. More frequent sampling of marker levels than was done in the MACS might aid in identifying inflections prospectively, but the utility of this approach remains to be validated. For these reasons, we believe further research in appropriate populations, is warranted to examine the feasibility of utilizing total lymphocyte count and hemoglobin concentrations as markers to Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. monitor HIV disease progression in individuals in areas with limited resources.
